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ABSTRACT: A series of fully fused n-type mixed conduction lactam polymers p(g7NCnN), systemati-

cally increasing the alkyl side chain content, is synthesized via an inexpensive, non-toxic, precious-

metal free aldol polycondensation. Employing these polymers as channel materials in organic electro-

chemical transistors (OECTs) affords state-of-the-art n-type performance with p(g7NC10N) recording an 

OECT electron mobility of 1.20 x 10−2 cm2 V−1 s−1 and a μC* figure of merit of 1.83 F cm−1 V−1 s−1. In 

parallel to high OECT performance, upon solution doping with (4-(1,3-dimethyl-2,3-dihydro-1H-

benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI) the highest thermoelectric performance is ob-

served for p(g7NC4N), with a maximum electrical conductivity of 7.67 S cm-1 and a power factor of 

10.4 μW m–1 K–2. These results are among the highest reported for n-type polymers. Importantly, while 

this series of fused polylactam organic mixed ionic-electronic conductors (OMIECs) highlights that syn-
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thetic molecular design strategies to bolster OECT performance can be translated to also achieve high 

organic thermoelectric (OTE) performance, a nuanced synthetic approach must be taken to optimize 

performance. Herein, we outline the performance metrics and provide new insights into the molecular 

design guidelines for the next generation of high-performance n-type materials for mixed conduction 

applications, presenting for the first time the results of a single polymer series within both OECT and 

OTE applications. 

INTRODUCTION 

Organic mixed ionic-electronic conductors (OMIECs) have garnered increasing interest over the past 

few years due to their outstanding biocompatibility, mechanical flexibility and operability in aqueous 

environments, and have been employed in multiple bioelectronic devices.1–7 One such device is the or-

ganic electrochemical transistor (OECT), consisting of a conducting channel layer, generally an 

OMIEC, which resides between a source and drain electrode and is in direct contact with an aqueous 

electrolyte (Figure 1a). A third gate electrode is immersed in the electrolyte and upon application of a 

gate voltage (VG), the OMIEC, commonly a conjugated polymer, becomes doped and ions penetrate 

from the electrolyte into the bulk of the transistor channel to compensate for the injected charge. Subse-

quently, the ionic signals can be transduced into electronic ones throughout the channel and charge car-

riers are extracted at the drain electrode.8 The transduction efficiency is quantified by the OECT trans-

conductance g
𝑚

=  
𝑊𝑑

𝐿
𝜇𝐶∗(𝑉𝑡ℎ − 𝑉𝐺) where W is the width, d is the thickness and L is length of the 

OMIEC channel layer, µ is the charge carrier mobility, C* is the volumetric capacitance, Vth is the 

threshold voltage and VG is the gate voltage. As such, the transconductance is dependent upon the prop-

erties of the OMIEC, specifically, charge carrier mobility and ion miscibility.9 However, gm also de-

pends on the channel geometry and biasing conditions and describes the steady-state device perfor-

mance. As a result, it does not solely represent the performance of the OMIEC, and thus the product 

of µ  and C*  has been postulated as a more appropriate figure of merit for comparing OMIEC perfor-

mance within OECT devices.10 Indeed, the μC* product (𝜇𝐶∗ = (
gm𝐿

𝑊𝑑(𝑉𝑡ℎ−𝑉𝐺)
))  is the material depend-

ent factor, which over the last five years has become the standard figure of merit for reporting the OECT 
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performance between different channel materials.10 Hence to improve OECT device performance, an in-

depth understanding of the structure-property relationships governing OMIEC performance is crucial 

for both the mobility and volumetric capacitance of the OMIEC to be optimized.11  

Currently, most reported OECT channels are comprised of commercially available 

poly(ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) derivatives.12 However, the inclu-

sion of PSS causes PEDOT to be intrinsically doped and operate in depletion mode, resulting in limited 

operational stability and increased power consumption.13 As such, recent studies have highlighted the 

benefits of ethylene glycol (EG) functionalized semiconducting conjugated polymers as channel materi-

als for OECTs with the majority of these materials operating in accumulation (enhancement) mode.14–16 

Additional benefits  include: impressive OECT device performance (rivalling PEDOT derivatives) by 

improving C*,10,17–19 facile synthetic tunability,1,17,20 and heightened enzymatic biocompatibility allow-

ing for direct detection of biologically pertinent metabolites.2,21 However, to date, the vast majority of 

all documented OECTs have relied on hole transport (p‐type) materials, which exhibit higher perfor-

mance than their electron transporting (n-type) counterparts, an area of research which has only recently 

started to be explored.22–24 Empirical and theoretical evidence has shown that this developmental delay 

is mainly due to the ambient operational instability of electron transporting n-type materials (in their 

doped states) and not due to differing intrinsic transport mechanisms for holes and electrons.25–27 This 

ambient instability generally arises from the vulnerability of n-type materials to react with atmospheric 

water and or oxygen, particularly when their electron affinity (EA) is less than ~4.0 eV.27–29 Arguably, 

the development of high performing electron transport materials should be prioritized over p-type mate-

rials, to increase the abundance of materials for selection in complementary logic circuits, which lower 

power consumption, show increased switching speeds and enhanced operational stability, and can only 

be realized with comparable p- and n-type material performance.23,30,31  
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Akin to the previously discussed OECT devices, OMIECs have also started to be incorporated into 

thermoelectric devices.32 Organic thermoelectric (OTE) generators convert thermal energy into power 

by applying a thermal gradient across organic semiconductor (OSC) layers. This thermal gradient causes 

charge carriers to diffuse away from the heated side of the OTE material (Figure 1b), generating a po-

tential difference across the OMIEC channel, known as a thermovoltage, which is measured as the See-

beck coefficient (S), the ratio of voltage difference to temperature difference across the material.33 The 

performance of thermoelectric devices can be compared using the figure of merit 

𝑍𝑇 =
𝑃𝐹

𝜅
𝑇 where T is temperature and Z combines the power factor (𝑃𝐹 = 𝑆2𝜎), comprised of the See-

beck coefficient and electrical conductivity (σ), and thermal conductivity (κ).34 This dimensionless fig-

ure of merit applies to both n- and p-type materials and highlights the importance of developing im-

proved n-type materials, as the most efficient thermoelectric generators are comprised of p- and n-type 

materials with similar ZT values.35,36 Practically, measuring the thermal conductivity of OSC films is 

limited and challenging. Instead, the performance of materials is often compared using the PF.27 Simi-

larly to OECT devices, the current library of reported n-type OTE materials lags behind their p-type 

counterparts, and is further constrained by the limited availability of n-type dopants, impeding the evo-

lution of practical OTE applications.37 As such, developing n-type polymers with improved thermoelec-

tric performance and formulating structure–property relationships are paramount to the growth of the 

field. 
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Figure 1. a) Schematic diagram of an OECT device. b) Schematic architecture of an n-type OTE gener-

ator leg, where the Seebeck coefficient is determined by measuring the thermovoltage (ΔV) across a 

thermal gradient (ΔT). c) Illustration of electrochemical n-type OMIEC doping within an OECT, (1) 

electron injection from the source electrode, (2) electron stabilized by a dopant cation, (3) charge carrier 

hopping and transport, (4) transfer of charge from the OMIEC to the drain electrode. d) Schematic illus-

tration of N-DMBI doped p(g7NCnN) films. N-DMBI cations dope portions of the n-type OMIEC, in-

creased dopant concentration disturbs polymer microstructure and morphology.27,32,38 

    

Notably, both OECT and OTE devices rely on doping to generate free mobile charges: the OMIEC can 

be doped either electrochemically (Figure 1c) or chemically (Figure 1d), for OECTs and OTEs, respec-

tively.38,39 Thus, it is possible that OMIEC polymers could potentially be well-matched for both applica-

tions, offering mixed conduction materials which can be readily doped. However, key differences be-

tween dopant properties and the dynamic nature of the processes must be considered. In an OECT de-

vice, dopant ions are mobile and operate in a dynamic regime between the conductive polymer and the 

electrolyte.12 Conversely, chemical doping within OTEs is a more static process, whereby following 

solution chemical doping, for example with N-DMBI, the doped film is cast and changes in polymer 

microstructure and morphology, compared to the neat material, are then effectively unchanged upon 

OTE operation.40 Similar levels of disruption can be observed within OECTs owing to the inclusion of a 

hydration shell around the dopant ions leading to polymer swelling, observed during operation.41,42 De-
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spite this, OMIEC materials offer a promising future for both applications and warrant further explora-

tion in OTE devices.38 As the acronym implies, OMIEC materials were specifically designed to operate 

within OECT devices, as the intrinsic ability to conduct both electronically and ionically is essential for 

OECT device operation.  

Generally, OMIEC materials have been decorated with EG side chains in order to facilitate conduction 

and diffusion of aqueous ionic species, a design strategy which has also recently been deemed beneficial 

for OTE performance.43–45 This is evidenced through increased doping efficiency and electrical conduc-

tivity, which can be explained by the areas of hydrophilicity effectively confining dopant molecules 

within the polymers’ side chains, thereby minimizing disruption to the polymers’ π–π packing regions, 

which are necessary for efficient intermolecular electronic charge carrier transport.43,44 More broadly, 

these results would suggest that OMIEC materials are also well suited to OTE applications, however the 

comparative performance of a single series of OMIEC polymers within both OECT and OTE devices 

has not been reported.27 Indeed, the two applications seem to be more intertwined than the common his-

torical comparison between OECTs and organic thin film transistors (OTFTs). As the field of bioelec-

tronics and OECTs has grown, a common chemical design strategy has been to take high performing 

OTFT materials and synthetically modify the material to enable ionic transport, commonly via the sub-

stitution of aliphatic side chains with EG side chains.15,46 However, this has often proven to be unsuc-

cessful requiring vastly different side chain compositions alongside alternative synthetic and processing 

techniques to be employed to develop high performance OECT materials.15,46–49 In a homologous fash-

ion, initial research into n-type OTE materials began with simply doping traditional n-type polymers 

previously reported in OTFTs, although again this was relatively unsuccessful, with insufficient doping 

and unstable operational electron transport hindering performance.37  

The current library of OECT channel materials is heavily populated with donor-acceptor (D-A) poly-

mers, with the vast majority of these polymers containing at least one EG functionalized repeat unit.12,27 
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Typically, EG functionalized OMIECs are synthesized via palladium catalyzed Stille cross-coupling 

polymerization, involving the use of highly toxic stannylated monomers.15,18,49,50 Residual metallic spe-

cies, such as toxic organostannanes and expensive transition metal catalysts can be difficult to complete-

ly remove post polymerization and pose a further limitation towards bioelectronic applications.51 To 

combat these shortcomings, alternative polymerization strategies have been developed to yield acceptor-

acceptor (A-A) polymers via a benign aldol polycondensation.52 Moreover, the presence of C=C double 

bonds linking successive aromatic cores in fused polylactam polymers, minimizes torsional twists along 

the conjugated backbone, aiding LUMO frontier orbital delocalization across the entire polymer back-

bone and therefore electron mobility.53 In a recent report, we developed PgNaN, a polylactam-based 

polymer that showed promising OECT performance, incurring a μC* value of 0.66 ± 0.11 

F cm−1 V−1 s−1. Although this was since superseded by an NDI derivative, PgNaN-based devices outper-

formed the majority of other n-type OECT materials. 27,49,54  

Herein, we set out to investigate whether the design criteria to optimize OECT performance of a series 

of fully fused acceptor-acceptor polylactams (p(g7NCnN)) translates linearly to OTE performance, pro-

ducing the first cumulative report that uses the same series of materials within both applications. The 

impressive figure of merit device performances demonstrate that high performance can be achieved 

within both OECT and OTE devices, however specific synthetic design nuances (specifically the pro-

portion of hydrophilic to hydrophobic side chains) are required to optimize the performance metrics in 

both applications. The highest OECT performance is observed for p(g7NC10N) recording an impressive 

OECT electron mobility of 1.20 ± 0.07 ×10−2 cm2 V−1 s−1 and a maximum μC* figure of merit value of 

1.83 F cm−1 V−1 s−1. On the contrary, the highest OTE performance was recorded for p(g7NC4N) with a 

maximum electrical conductivity of 7.67 S cm-1 and a power factor of 10.4 μW m–1 K–2 (Figure 2).  
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Figure 2. OECT (μC*) and OTE (PFmax) figure of merit comparison and trend for the p(g7NCnN) series. 

 

These results highlight that the shared mixed conduction and doping requirements within the field of 

OECTs and OTEs allow for a broad chemical design strategy to achieve generally high performance. 

This constitutes a paradigm shift from the historic approach of attempting to convert high performing 

OTFT materials into high performing OECT or OTE materials through major synthetic design over-

hauls.      

RESULTS & DISCUSSION 

In this study, the hydrophobic alkyl side chain content was synthetically manipulated to produce a series 

of six novel PgNaN derivatives, systematically lengthening the alkyl side chain from ethyl (C2H5) to 

hexadecyl (C16H33) (Figure 3a). These polymers have been more conveniently renamed as p(g7NCnN) 

with N denoting the naphthalene core, g7 for the 7-unit ethylene glycol chain and Cn representing the 

length of the alkyl side chain tethered to the bis-oxindole monomer unit, for convenience this will be 

abbreviated further to (Cn). For consistency, PgNaN will be referred to as p(g7NC12N). 
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Figure 3. a) General aldol condensation polymerization conditions and chemical structures of the 

p(g7NCnN) series. b) Thin-film UV-Vis spectra for the entire p(g7NCnN) series. c) Organic electrolyte 

cyclic voltammetry spectra, obtained in 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile 

solution for the entire p(g7NCnN) series, acquired at a scan rate of 100 mV s-1. 

 

The glycolated bis-isatin monomer was prepared via a nucleophilic substitution reaction between the 

bis-isatin core and iodine end-capped seven-unit EG chain.54 Bis-oxindole monomers were prepared via 

a streamlined procedure, avoiding the typical strategy which involves the use of acylchlorides and sub-

sequent reduction with lithium aluminum hydride.52,53 Instead, the arylated amine was directly obtained 

from substitution reactions with the corresponding aryl bromide. Following this, each alkylated amine 

was subjected to chloroacetylation prior to an intramolecular Heck-type ring closure to afford the series 

of alkylated bis-oxindole monomers (Figure S1). Owing to the limited solubility of the shortest ethyl 

side chains, the C2H5 bis-oxindole monomer had to be synthesized via an alternative route utilizing the 

harsh Wolff-Kishner reduction, detailed within the Supporting Information (Figure S15). 

Each polymer was prepared via a metal-free aldol condensation polymerization, eliminating the use of 

toxic organostannane monomers and the need for expensive palladium catalysts. Owing to this benign 

  

    



10 

Published in Journal of the American Chemical Society 

polymerization technique this class of fully fused polymers are ideal candidates for being interfaced 

with biological systems.55 The high rigidity and polymer backbone planarity, coupled with the A-A mo-

tif significantly delocalizes and deepens the LUMO frontier orbitals leading to high OECT electron mo-

bilities with deep LUMO energy levels, below -4.2 eV, imparting n-type stability.27  

POLYMER PROPERTIES  

Notably, as the length of the alkyl side chain tethered to the bis-oxindole monomer was increased the 

molecular weight (MW) of the resultant polymer also increased (Table 1), in a near linear fashion. This 

can be attributed to the enhanced solubility, during polymerization, imparted by the increase in hydro-

phobic alkyl side chains, rendering the hexadecyl functionalized (C16) derivative p(g7NC16N) as the 

polymer with the highest number average molecular weight. The shorter alkyl chain polymers were not 

able to sustain solubility as the chain growth proceeded, leading to precipitation and chain termination. 

Thus, molecular weight across the series was not fully consistent. Despite this trend, all four polymers 

with alkyl side chains longer than octyl (C8) have comparable molecular weights and align well with the 

previously published (C12) derivative.54 On modelling the electronic properties of similar fused lactam 

polymers, it is also evident that even at the molecular weights reported for these polymers, they are be-

yond the conjugation length expected, and thus there should be no molecular weight dependence on 

molecular orbital energy levels.53 High-resolution scanning tunneling microscopy (STM) images (Fig-

ure S53) allow one to distinguish the backbone and the side chains of individual polymers and thus to 

sequence the molecules by visual inspection. The majority of couplings between successive repeat units 

is as expected: repeat units with alkyl side chains are followed by repeat units with g7 ethylene glycol 

side chains and vice versa (Figure S53).  

Table 1. Summary of polymer optoelectronic and physical properties including: aqueous electrolyte 

reduction onset (Ered,aq), optical gap (Eg,opt), ionization potential (IP), electron affinity (EA), thin film 

absorption maximum (λmax,film), number average molecular weight (Mn) and dispersity (Ð).  

Polymer 
Ered,aq 
[V] a) 

Eg,opt 
[eV] b) IP [eV] c) EA 

[eV] d) 
λmax,film 
[nm] 

Mn 
[kDa] e) Ð 

p(g7NC2N) -0.07 1.03 5.08 4.26 881 6.2 1.6 
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p(g7NC4N) -0.04 0.97 5.10 4.28 854 8.3 1.7 

p(g7NC6N) -0.03 1.04 5.12 4.25 865 10.2 1.5 

p(g7NC8N) -0.13 1.03 5.11 4.26 865 15.0 1.3 

p(g7NC10N) -0.27 1.02 5.12 4.23 889 20.3 1.7 

p(g7NC12N)54 -0.31 1.05 5.14 4.22 901 20.7 7.8 

p(g7NC16N) -0.35 0.97 5.15 4.29 894 24.2 1.9 

a) Ered,aq Calculated using a 0.1 M NaCl in deionized water solution b) Eg,opt
 estimated optical gap using 

the onset of absorption in thin-film UV Vis spectra Eg,opt = 1240/ λONSET 
c) IP obtained from photoelec-

tron emission spectroscopy in air (PESA) measurements d) EA values were calculated from cyclic volt-

ammetry in 0.1 M TBAPF6 acetonitrile solution, using the onset of reduction, with respect to Fc/Fc+ 

standard e) Mn
 Gel permeation chromatography (GPC) data obtained vs. polystyrene standards at 40 °C 

in chloroform. 

 

The optoelectronic properties of the p(g7NCnN) series were evaluated through UV-Vis spectroscopy, 

photoelectron emission spectroscopy in air (PESA), and cyclic voltammetry (CV) to determine the opti-

cal gap (Eg,opt), ionization potentials (IP) and electron affinities (EA), respectively, and are summarized 

in Table 1. Each polymer displays two major absorption peaks within their UV-Vis spectrum (Figure 

3b) with a high energy absorption band in the visible region and a broad absorption band in the near 

infrared (NIR) region, resulting in narrow optical gaps ranging from 0.97 to 1.05 eV (Table 1). Utilizing 

an identical fused naphthalene polymer backbone, previously reported computational time dependent 

density functional theory calculations and solvatochromic measurements determined that the broad low 

energy NIR band did not have marked charge transfer character.52 Instead both hole and electron wave-

functions were sufficiently delocalized across the entire polymer backbone, which can also be expected 

for the p(g7NCnN) series. Ionization potentials were found to be comparable across the series, whilst a 

similar trend was also observed for the electron affinities, which were calculated from thin-film CV 

(Figure 3c). As anticipated, with no change in side chain polarity or electronic nature, synthetically al-

tering the length of the hydrophobic alkyl side chain had negligible effects on both the IP and EA of the 

resultant polymers across the series. Electrochemically calculated electron affinities are sufficiently 

deep (4.22 – 4.29 eV) to facilitate electron injection and incur operational stability over ten cycles in an 
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aqueous medium (Figure S35).27 The trend in aqueous electrolyte reduction onsets determined by CV 

(Table 1), which increased with increasing alkyl side chain content, is likely due to the increased hy-

drophobicity causing poorer miscibility for solvated ions, across the series from (C2) to (C16). 14,15,50,56 

The electrochemical activity of the series was further investigated by spectroelectrochemical measure-

ments, monitoring the evolution of UV-vis absorbance upon reduction between 0 and -0.6 V. As the 

applied reduction potential was sequentially increased the two major neutral absorption bands, localized 

around 500 nm and 840 – 900 nm displayed a gradual reduction in intensity (Figures S36-S42). Simul-

taneously, the formation of new polaronic features was observed at NIR wavelengths, extending past the 

1100 nm range of the detector. Approaching the threshold voltages of each device (Table 2) the neutral 

absorption bands for each polymer remained present but were reduced in intensity, whilst the polaronic 

NIR absorption had also emerged. The degree of polaron formation followed the aforementioned CV 

findings (Table 1), with an increasingly negative onset of reduction requiring a higher bias to achieve 

similar levels of charging.      

OECT PERFORMANCE 

The effect of synthetically manipulating the length of the hydrophobic alkyl side chain on the resultant 

electrical properties was investigated by fabricating OECT devices employing each of the polymers as 

the active channel material. Each device was operated with the “as cast” polymer, without the need for 

any additives or subsequent annealing techniques, in an aqueous 0.1 M NaCl solution with an Ag/AgCl 

gate electrode (Figure 1a). As mentioned in the introduction, the common figure of merit to define and 

compare OECT performance is the μC* value.10 However, to further facilitate comparison between the 

p(g7NCnN) series and previously reported materials, the maximum transconductance (gm) values have 

been normalized by the channel geometry: gm’=gm/(W d/L), where W is the width of the channel (100 

μm), L is length of the channel (10 μm), and d is the thickness of OMIEC channel layer, detailed within 

the Supporting Information, and summarized in (Table 2).  
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The transfer curves, comparative voltage dependent transconductance plots and output characteristics of 

the entire p(g7NCnN) series are compared in (Figure 4a, b & c) and the results are summarized within 

(Table 2). Varying the length of the alkyl side chain, thereby altering the overall hydrophobic content, 

led to marked differences in the resultant OECT device performance. Threshold voltages (Vth) tended to 

increase as the overall alkyl content increased, for p(g7NC2N), the threshold voltage was extrapolated to 

be 230 ± 3.3 mV whereas for p(g7NC16N), this increased by 130 mV to 360 ± 10.0 mV (Figure 4d), on 

account of the thermodynamic penalty attributed to the presence of solvated ions, which manifests as a 

larger threshold voltage.14  
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Figure 4. a) Comparative transfer curves b) comparative voltage dependent transconductance plots, and 

c) output curves of the entire p(g7NCnN) based OECT devices. d) Comparison of μC* figure of merit 

values and recorded threshold voltages across the p(g7NCnN) series. e) A map of OECT electron mobil-

ity versus volumetric capacitance for a selection of previously reported n-type OECT materials using 

comparable planar device architectures,57 compared to the p(g7NCnN) series. 

     

The fully fused π-backbones, comprised of only electron-deficient acceptor units, sufficiently delocalize 

the electron wavefunction and thus LUMO frontier orbitals along the entire polymer backbone. Moreo-

ver, the strong interchain interactions, imparted by π-π stacking of the fully fused backbone, enhances 

both the intrachain and interchain electron transport, exemplified by the state-of-the-art OECT electron 

mobility of p(g7NC10N) (1.20 x 10-2 cm2 V-1 s-1). However, the nature of the backbone cannot be the 

only factor attributed to carrier transport and overall OECT performance, as this factor remains un-

changed across the series. Indeed, side chain composition and the subsequent effects on the polymer 

microstructure must play an important role in both the OECT electron mobility and volumetric capaci-

tance recorded for each material. Separating the two parameters, firstly the volumetric capacitance (C*), 

measured by electrochemical impedance spectroscopy (EIS) (Figures S43-S44), varied from 86 to 199 

F cm-3. The p(g7NC16N) derivative displayed the lowest C* value, presumably owing to the highest 

concentration of hydrophobic and insulating alkyl chains and thus the lowest overall hydrophilic content 

which is likely to limit swellability.14,15 Interestingly, C* peaks for p(g7NC8N) and not for the highest 

hydrophilic content polymer p(g7NC2N), demonstrating that C* is not simply related to the degree of 

hydrophilic content and suggests that the octyl side chains are well suited to balance both swelling and 
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hydration.58 In general, as the length of the alkyl side chain is increased, C* values remain roughly 

comparable across the series (Table 2), however upon increasing the hydrophobic content past (C10), 

up to a factor of two decrease is observed for C*, presumably surpassing the tipping point for hydro-

philic versus hydrophobic content, limiting ionic miscibility and thus C*.15   

Secondly, OECT electron mobility tends to increase as the side chain length increases from C2H5 to 

C8H17, peaking for p(g7NC10N) at 1.20 x 10-2 cm2 V-1 s-1, double the value of the next best performers 

((C8) and (C12)), before decreasing further for the (C16) derivative. Despite the trend in molecular 

weights of the polymers highlighted in (Table 1), it is clear that there is not an obvious trend observed 

in the electron mobility, indicating that molecular weight is unlikely to be the dominant parameter re-

sponsible for electrical performance. The variation in electron mobilities is likely due to different levels 

of swelling and morphological modulation as the ratio of hydrophobic to hydrophilic side chains is al-

tered across the series. Furthermore, the preferential stacking microstructure of each polymer is varied, a 

trait which will be exacerbated during OECT operation as each material’s ability to accommodate both 

ions and water molecules from the electrolyte will also vary. These results suggest that the decyl (C10) 

alkyl chain finds the optimal balance in modulating adverse swelling effects when coupled with the sev-

en-unit EG side chain repeat unit. The near-parabolic trend in OECT electron mobility values across the 

polymer series is mirrored in the μC* values. Notably, μC* was increased from the previously reported 

(C12) derivative PgNaN (0.662 ± 0.113 F cm−1 V−1 s−1)54 by p(g7NC8N) (1.19 ± 0.37 F cm−1 V−1 s−1) 

and peaked for p(g7NC10N) at 1.83 ± 0.10 F cm−1 V−1 s−1, which is one of the highest reported n-type 

polymer μC* values to date for planar OECTs.27 For the case of p(g7NC10N), μC* is dominated by the 

impressive OECT electron mobility (1.20 x 10-2 cm2 V-1 s-1) which surpasses state-of-the-art BBL and 

naphthalenediimide (NDI) based materials in comparable planar OECTs by an order of magnitude (Fig-

ure 4e).49,57,59 The device physics of interdigitated OECTs60 differs from that of planar OECTs and the 

size, number, and arrangement of interdigitated electrodes in interdigitated OECTs have been shown to 



16 

Published in Journal of the American Chemical Society 

change the value and location of peak transconductance in OMIEC materials.57 Thus, for the purposes 

of direct comparison, only planar OECTs of comparable geometries are discussed. 

Table 2. Summary of OECT parameters and material figures of merit of the polymers under investiga-

tion.  

Polymer 
μe,OECT 

 

[cm2 V−1 s−1] a) 
C*  

[F cm−3] b) 
μC*  

[F cm−1 V−1 s−1] c) 
gm’ 

[S cm−1] 
Vth  

[mV] a) 

p(g7NC2N) (2.00 ± 0.41) ×10−3 180 ± 16 0.36 ± 0.074 0.069 ± 0.012 230 ± 3.3 

p(g7NC4N) (1.46 ± 0.53) ×10−3 126 ± 12 0.18 ± 0.067 0.035 ± 0.013 210 ± 2.9 

p(g7NC6N) (2.29 ± 0.70) ×10−3 150 ± 4 0.34 ± 0.111 0.065 ± 0.019 210 ± 6.4 

p(g7NC8N) (6.01 ± 1.87) ×10−3 199 ± 27 1.19 ± 0.371 0.240 ± 0.076 250 ± 3.4 

p(g7NC10N) (1.20 ± 0.07) ×10−2 153 ± 34 1.83 ± 0.101 0.370 ± 0.023 300 ± 3.0 

p(g7NC12N)54 (6.50 ± 1.01) ×10−3 100 ± 6 0.66 ± 0.113 0.212 ± 0.015 328 ± 5.3 

p(g7NC16N) (3.80 ± 0.59) ×10−3 86 ± 11 0.33 ± 0.074 0.047 ± 0.005 360 ± 10.0 

a) μe,OECT OECT saturation mobility and threshold voltage (Vth) extracted from fits of Id
1/2 vs Vg plots. b) 

C* average volumetric capacitance beyond the Vth determined by electrochemical impedance spectros-

copy. Reported uncertainties are one standard deviation, with n = 6 devices. c) μC* extracted from the 

slope of saturated transfer curves at −0.6 V. 

  

The OECT operational stability of each polymer was established by repeated gate pulsing to generate 

continuous ON-OFF cycles, as shown in (Figures S45-S50) and aligned well with CV stability meas-

urements (Figure S35). Operational stability of both the lowest and highest hydrophobic content mate-

rials, p(g7NC2N) and p(g7NC16N), deteriorated upon cycling with on currents stabilizing at ≈ 75% and 

50% of the initial drain current, respectively. However, the rest of the series showed excellent opera-

tional stability, retaining up to 100% of the initial drain current upon constant pulsing for 1800 seconds 

(Figure S49). Stable long-term high n-type performance has rarely been reported and these results fur-

ther exemplify the potential of these fully fused OMIEC materials for practical applications.27 Both 

OECT and CV stability measurements suggest that increasing the side chain length past the (C12) de-

rivative, not only hinders OECT electron mobility and overall performance, but shifts the optimal bal-

ance of hydrophilic to hydrophobic content. The same trend is observed when reducing the alkyl side 

chain length below (C8), with (C6), (C4) and (C2) derivatives all showing reduced OECT performance. 

The ideal balance which provides a hydrated channel for ionic diffusion, whilst simultaneously moderat-
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ing the degree of swelling in order to retain microstructure integrity, is difficult to achieve, however the 

impressive performance and excellent stability of p(g7NC10N) accomplishes both these feats. Important-

ly, polymer microstructure is known to greatly influence OECT device performance and can be used to 

elucidate structure-performance relationships.46,49 One well documented method to investigate the struc-

tural properties of OMIECs is through grazing-incidence wide-angle X-ray scattering (GIWAXS) meas-

urements.38 The reasons behind the parabolic trend in OECT performance, across the p(g7NCnN) series, 

are illuminated through such measurements and are detailed herein. 

PRISTINE “AS CAST” GIWAXS DATA 

To investigate the effect of modulating the length of the alkyl chain on the polymer structural properties, 

and to correlate these with the OECT device performance data, GIWAXS measurements were collected 

on the whole polymer series. The morphology of the polymer relative to the substrate is known to affect 

charge carrier transport within OECT devices and can be used to explain performance trends between 

materials.9,10 Each polymer was processed from the same solvent (CHCl3), from solutions of identical 

concentration (5 mg mL-1), and spun cast at the same rate, see Supporting Information. Despite this 

identical method of processing, as the alkyl side chain length increases, the polymer stacking changed 

from dominantly edge-on (C2, C4, C6, C8) to mixed edge-on and face-on (C10, C12), and finally to 

preferentially face-on (C16), as demonstrated in the 2D-GIWAXS patterns (Figure 5). These findings 

are in accordance with literature which has demonstrated that polymers with higher solubilities in the 

processing solvent, tend not to form high aspect ratio, discotic lamella aggregates in solution, but in-

stead prefer to orient face-on rather than edge-on with respect to the substrate, orienting in the direction 

of fluid flow.61 We note that these GIWAXS observations further corroborate the trend in molecular 

weight which also increased as the length of the alkyl chain increased, owing to the improved solubility 

imparted from longer alkyl chains. In addition, increasing the alkyl side chain length led to a steady in-

crease in the lamellar spacing, from 20.6 (C2) to 32.2 Å (C16), demonstrated in the out-of-plane line 

cuts (Figure S52). 
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Figure 5. Two-dimensional GIWAXS patterns of the as-cast polymer thin films. 

 

Each polymer, apart from p(g7NC2N), displayed (010) scattering peaks (π-stacking) in both the in-plane 

and out-of-plane direction. The shortest π–π spacing was observed for p(g7NC8N), for both in- (3.47 Å) 

and out-of-plane (3.49 Å) line cuts. However, varying the length of the alkyl side chain had a small ef-

fect on the π–stacking distances across the series, with all values obtained within a 0.06 Å range. More 

specifically for OECT devices, which operate in the bulk electrochemical regime, a mixed edge-on face-

on orientation has been shown to improve 3D charge transport.38,47  

However, the OECT performance dependence on alkyl side chain length is a complicated interplay of 

ion (and solvating water) miscibility, molecular weight and microstructural effects. Ion miscibility is 

necessary for electronic doping and manifests in electrochemical reduction onset in aqueous media and 

OECT threshold. Whilst there is the commonly held assumption that increased molecular weight leads 

to improved electrical transport, here ion miscibility and molecular weight are at cross purposes. The 

increased alkyl chain length leads to increased MW (likely due to improved solubility during polymeri-

zation) but also decreased ion miscibility.  
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For the short alkyl chain length polymers (C2, C4, C6), the variations in electron mobility, threshold 

voltage, aqueous electrochemical reduction onset, C*, and μC* show no strong trend compared to the 

rest of the series. At intermediate alkyl chain length polymers (C8, C10), large successive increases in 

electron mobility and μC* are observed, with both maximized in the C10 polymer.  

From C8 to C16 there is a consistent trend of increasing threshold voltage and decreasing C* which is 

consistent with decreasing ion/water miscibility. However, the mobility precipitously drops (by almost 

70%) from the C10 peak to the longest alkyl chain length C16 polymer. Looking towards the micro-

structure to understand this unexpected trend, the peak electron mobility polymer presents a mixed 

edge-on and face-on microstructure that has previously been shown to correlate with peak OECT per-

formance.38,47 The GIWAXS patterns for p(g7NC10N) corroborate this theory and the highest OECT 

performance, specifically the n-type OECT mobility, of the (C10) derivative can be explained by the 

preferential mixed edge-on and face-on stacking of the material.14 

THERMOELECTRIC INVESTIGATION 

The commonly measured figure of merit for thermoelectric materials is the power factor (𝑃𝐹 = 𝑆2𝜎), 

determined by the Seebeck coefficient (S) and the electrical conductivity (𝜎 = 𝑞𝑛𝜇), where 𝑞 is the el-

ementary charge, 𝑛 is the number density of charge carriers, and 𝜇 is the charge carrier mobility.34 As 

both S and σ are influenced by the charge carrier concentration in OSCs, OECTs with controlled or tun-

able charge carrier concentration have the capability to serve as a unique platform for the investigation 

of potential materials for thermoelectric devices.62 Therefore, intuitively the OECT performance, espe-

cially the high electron mobility outlined above (Table 2), would suggest that the fused mixed conduc-

tion polylactams are promising n-type thermoelectric candidates. Indeed, the performance of ladder type 

polymers for n-type thermoelectric applications has improved considerably in recent years with PF val-

ues on the order of 100–101 μW m–1 K–2 having been reported.32 However, elucidation of structure–

property relationships of conjugated ladder-type polymers for n-type OTEs has remained relatively un-

explored, with few studies evaluating the effects of rational chemical modification in relation to device 
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performance.63–65 In order to address this, firstly, the electrical conductivity of each polymer was inves-

tigated. N-DMBI was chosen to solution-dope the polymers, thus rendering the doping process compat-

ible with low-cost roll-to-roll printing techniques.66 Each polymer was also vapor doped using the 

strong reducing agent tetrakis(dimethylamino)ethylene (TDAE), detailed within the supporting infor-

mation (Figure S54) and maximum performance metrics are summarized below (Table 3).67  

Table 3. Summary of OTE parameters and material figures of merit for N-DMBI and TDAE doped 

p(g7NCnN) samples.   

Polymer 

N-DMBI TDAE 

σmax 

[S cm-1] 

PFmax 

[μW m–1 K–2] 

σmax 

[S cm-1] 

PFmax 

[μW m–1 K–2] 

p(g7NC2N) 4.69 ± 0.23 5.90 ± 0.36 0.43 ± 0.11 0.46 ± 0.17 

p(g7NC4N) 7.67 ± 0.29 10.4 ± 0.52 0.31 ± 0.15 0.31 ± 0.11 

p(g7NC6N) 0.99 ± 0.06 2.06 ± 0.08 0.21 ± 0.14 0.58 ± 0.19 

p(g7NC8N) 1.24 ± 0.09 2.93 ± 0.15 0.33 ± 0.11 0.90 ± 0.21 

p(g7NC10N) 1.70 ± 0.14 5.11 ± 0.13 1.39 ± 0.19 2.63 ± 0.28 

p(g7NC12N)54 0.81 ± 0.15 1.24 ± 0.11 0.28 ± 0.08 0.72 ± 0.16 

p(g7NC16N) 0.30 ± 0.01 0.84 ± 0.12 0.22 ± 0.10 0.60 ± 0.14 

 

As highlighted in (Figure 6a) the electrical conductivity for each polymer is lowest at the minimum N-

DMBI dopant molar ratio (~10 mol%). Upon increasing the dopant concentration, the electrical conduc-

tivity increases for each polymer, with p(g7NC10N) peaking at 1.70 ± 0.14 S cm-1 (at 35 mol%), 

p(g7NC2N) peaking at 4.69 ± 0.23 S cm-1 (at 45 mol%) and finally the highest σ was recorded for 

p(g7NC4N) peaking at 7. 67 ± 0.29 S cm-1 (at 45 mol%). Markedly, the trend in maximum electrical 

conductivity (σmax) did not follow the trend in electron mobility measured in OECT devices. 

p(g7NC10N) recorded an electron mobility which was an order of magnitude larger than the rest of the 

series, however both (C2) and (C4) derivatives show an ~2.7- and 4.5-fold increase in electrical conduc-

tivity with respect to (C10), respectively. The observed σmax values for both p(g7NC2N) and p(g7NC4N) 

can be explained by the reduction in alkyl side chain length leading to a preferential edge-on polymer 

microstructure (detailed later) increasing dopant miscibility and transport properties, subsequently im-

proving electrical conductivity.32 Conversely, whilst p(g7NC10N) has a much higher OECT electron 
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mobility (Table 2), we postulate that increasing dopant concentration heavily disturbs the polymer mi-

crostructure limiting charge transport, whilst also assuming weaker dopant miscibility due to the in-

creased amorphous hydrophobic regions imparted by the lengthened decyl side chains.68 This theory is 

supported by the relatively similar σ values observed across the three materials at a dopant concentra-

tion of 25 mol%, upon which increasing the dopant concentration to ~50  mol% for p(g7NC10N) has a 

comparatively minimal impact on conductivity. Conversely, for both (C2) and (C4) derivatives the elec-

trical conductivity significantly rises at 45 mol%, only falling when exceeding 50 mol%, presumably 

due to the difference in preferential polymer stacking microstructure, improved dopant miscibility and 

reduced microstructure disruption compared to (C10). 

These findings were corroborated by the results of sequential-vapor doping, using the powerful electron-

donor TDAE, in which p(g7NC10N) showed the highest performance, across the series, reaching a PF of 

2.63 μW m–1 K–2 (Table 3). Upon initial vapor deposition the polymers retain the majority of their un-

doped properties, as such the order of magnitude higher electron mobility of p(g7NC10N) which leads to 

a peak electrical conductivity of 1.4 S cm-1. As expected, prolonged exposure to TDAE vapor led to 

lower conductivities and poorer thermoelectric performances, across the entire series, principally due to 

disruption of polymer morphology and hence lower polymer crystallinity.67 The difference in highest 

performing materials between chemical and vapor doping (Table 3) suggests that, as outlined above, 

chemical doping is much more impactful on the polymers microstructure and is dependent on the degree 

of hydrophobic insulating side chain content. Notably, the highest performing OECT material 

p(g7NC10N) was more readily disrupted upon the inclusion of a lower concentration of N-DMBI com-

pared to p(g7NC2N) and p(g7NC4N). Conversely, vapor-doping, which has a much milder effect on pol-

ymer morphology and microstructure, at low dopant levels, ensures that p(g7NC10N) devices showed 

the highest TDAE vapor-doped OTE performance, matching the observed trend in OECT performance. 
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These results highlight the key differences between doping processes and the measurable effects these 

have on the resultant polymer microstructure and subsequent device performance metrics.40 
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Figure 6. a) Electrical conductivities, b) Seebeck coefficients and c) power factors recorded for the 

p(g7NCnN) series as a function of N-DMBI dopant ratio employed d) blue and pink highlights demon-

strate the difference between the 30-35 mol% (C2-C4) and 40-45 mol% (C6, C8, C10, C16) dopant 

concentration maximum PFmax regimes. 

  

The Seebeck coefficients (thermopower) of each material were measured, upon doping across a range of 

N-DMBI concentrations (Figure 6b). As expected, all members of the series displayed negative See-

beck coefficients, indicative of the dominant electron charge carrier, confirming the n-type nature of the 

series. The magnitude of the Seebeck coefficients were highest (most negative), for each polymer, at the 

lowest dopant ratio of 10 mol% and decreased progressively upon increasing the dopant ratio. As ex-



23 

Published in Journal of the American Chemical Society 

pected, the evolution of σ and S as a function of dopant ratio followed an opposite trend, thus signifying 

that the maximum power factor for the polymers was obtained at a dopant concentration that would best 

balance the two quantities, highlighted in (Figure 6c). The maximum PF values were recorded at dif-

ferent N-DMBI dopant concentrations, with longer alkyl chain derivatives p(g7NC8N), p(g7NC10N) and 

p(g7NC16N) peaking at 30-35 mol% whereas shorter alkyl chain derivatives p(g7NC2N) and p(g7NC4N) 

peaked at 40-45 mol% (Table 3), following the aforementioned trend in electrical conductivity. The 

maximum power factor was achieved with p(g7NC4N), at 10.40 ± 0.52 μW m–1 K–2. The PF values rec-

orded are among the highest reported for n-type OTE materials to date and are state-of-the-art for fully 

fused polylactam materials.27,53,69  

These results surpass that of previously published, fully alkylated, polylactams increasing σmax by an 

order of magnitude and a greater than threefold increase in PF.53 The impressive performance increase, 

from modulating the hydrophobic alkyl content and replacing 50% of the side chains with a hydrophilic 

seven unit glycol chain, supports that inclusion of polar side chains improve the host/dopant miscibility 

and significantly increase the doping efficiency as compared to the baseline case of alkyl side chains on 

both monomer units.32,45 Combining these studies suggests that the inclusion of polar side chains is in-

deed a valuable design strategy to improve thermoelectric performance, adding more weight to the ever-

growing toolbox of OMIEC applications. 

OTE DOPED GIWAXS INVESTIGATION 

In analogy to the OECT discussion above, GIWAXS was again utilized to investigate and explain the 

trend in thermoelectric performance across the p(g7NCnN) series. Here, the highest performing OTE 

material p(g7NC4N) was directly compared to the highest performing OECT material p(g7NC10N). For 

each material GIW XS data was obtained from a neat “as cast” film, films doped with 35 and 45 mol% 

N-DMBI, respectively and finally from samples vapor doped with TDAE (Figure 7).  
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Figure 7. Two-dimensional GIWAXS patterns of p(g7NC4N) (top row) and p(g7NC10N) (bottom row) 

thin-films, each doped with 35 mol% N-DMBI, 45 mol% N-DMBI and TDAE, respectively. 

 

The overall polymer microstructure organization remains unchanged for p(g7NC4N) which maintains a 

preferential edge-on orientation in the un-doped, 35 mol%, 45 mol% and TDAE doped states. However, 

as the N-DMBI dopant concentration is increased the correlation length is also increased, suggesting 

enhanced ordering within polymer crystallites (Table S4). Additionally edge-on orientation is preferen-

tial for facilitating electron transport which occurs within crystalline regions and, as such, both factors 

combined lead to an increased electrical conductivity and, subsequently, to a maximum PF of 10.4 μW 

m–1 K–2 for p(g7NC4N).37,39 In contrast, for p(g7NC10N), as the dopant concentration is raised from 35 

mol% to 45 mol% N-DMBI, the polymer microstructure shifts from a mixed edge-on face-on orienta-

tion to purely edge-on. Whilst this orientation should theoretically be more beneficial for charge 

transport, the overall disruption to the polymers preferred mixed orientation packing structure suggests 

that beyond 35 mol% dopant concentration adverse dopant-polymer interactions occur, on account of 

the decreasing PF. This theory is supported by the TDAE vapor doped GIWAXS data which shows that 
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the packing motif of both p(g7NC4N) and p(g7NC10N) remains relatively unchanged when doped, here 

the high electron transport properties of the extended (C10) alkyl chain derivative, which were demon-

strated within OECT devices, dominates the OTE performance. These results are further corroborated 

by previous studies which have highlighted the importance of polymer-dopant interactions.32,44 The 

doped GIWAXS data suggests that the shortened (C4) alkyl chain derivative p(g7NC4N) enables more 

N-DMBI dopant molecules to intercalate within the polymer domains without disrupting the packing 

structure As such, dopant treatment can be endured up to 45 mol% where the increased number of 

doped states leads to an increase in overall OTE performance (Figure 6). Conversely, the highest per-

forming OECT material p(g7NC10N) suffers from adverse polymer-dopant interactions, at elevated do-

pant concentrations, with GIWAXS of doped films showing a clear disruption of the packing micro-

structure explaining the drop in OTE performance from 35 mol%, where the adverse effects are not as 

prevalent, to 45 mol% N-DMBI (Figure 7).                

CONCLUSIONS 

In summary, a series of six n-type fused lactam mixed conduction polymers, modulating the hydropho-

bic (alkyl) to hydrophilic (glycol) ratio, were synthesized for OECT and OTE device applications. No-

tably, this report is the first of its kind where one series is directly compared as the channel layer materi-

al in both OECT and OTE devices. Compared to traditional transition-metal catalyzed polymerization 

reactions, the materials developed herein were obtained via a benign metal free aldol polycondensation 

reaction, avoiding the use of expensive precious metal-based catalysts and any highly toxic organome-

tallic or organotin synthetic intermediates. Modulating the hydrophobic alkyl side chain density ulti-

mately resulted in state-of-the-art n-type OECT and OTE performance. For OECT-based applications, 

the optimal balance between the polar seven-unit glycol chain was met by employing decyl side chains 

with p(g7NC10N) recording an impressive electron mobility of 1.20 ± 0.07 x 10−2 cm2 V−1 s−1 and a state-

of-the-art n-type polymer μC* figure of merit value of 1.83 F cm−1 V−1 s−1. Reducing the overall alkyl 

content to afford p(g7NC4N), allowed for a high dopant concentration to be employed without disrupt-
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ing the polymer microstructure, recording a maximum electrical conductivity of 7.67 S cm-1 and a power 

factor of 10.4 μW m–1 K–2. The PF value recorded for p(g7NC4N) is amongst the highest reported for n-

type polymers and surpasses previously reported fully alkylated fused polylactam polymers by more 

than three times.27,53 

Evaluating both the OECT and OTE performance across the p(g7NCnN) series clearly demonstrates that 

the A-A polylactam motif can operate as a high performing channel layer material in both mixed con-

duction applications. However, the impact of molecular weight remains difficult to interpret and should 

also be considered. Moreover, whilst a single synthetic design principle can be utilized, to obtain the 

optimal performing OECT and OTE channel materials, synthetic nuance relating to the polymers result-

ant microstructure and dopant miscibility must be carefully controlled. Furthermore, the simple modula-

tion of alkyl side chain content presents a more straightforward strategy than those previously em-

ployed, whereby entire side chains were redesigned when transitioning from OTFT to OECT applica-

tions and where high charge carrier mobility within OTFT devices generally does not translate to high 

performance in OECTs.27 As such, the bulk transportation nature within OECTs renders this device a 

much more viable and informative platform to draw from for OTE research, which also operate in a 

bulk regime, compared to the interfacial behavior of OTFT devices. The OECT and OTE results de-

tailed throughout allow for structure-property-performance relationships to be elucidated for both mixed 

conduction applications, whereas previous publications have focused exclusively on the OECT or OTE 

performance of OMIECs independently. The results reported in this study highlight that selectively al-

tering the hydrophobic alkyl content, for this series of fused all acceptor polylactams, is a highly effec-

tive molecular design strategy to optimize the OECT and OTE device performance, thus also providing 

new insights into the molecular design guidelines for the next generation of high-performance n-type 

materials. The expected biocompatibility conferred from the benign metal-free aldol polycondensation, 
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along with the state-of-the-art device performance further suggest that fully fused all acceptor polylac-

tams are a promising and exciting platform for future OECT and OTE applications.  
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TOC Synopsis: 

A series of fully fused n-type mixed conduction polymers (p(g7NCnN)) affords state-of-the-art n-type OECT 

performance recording a maximum OECT electron mobility of 1.20 x 10−2 cm2 V−1 s−1 and μC* of 1.83 

F cm−1 V−1 s−1 for p(g7NC10N). In parallel, upon doping p(g7NC2N) with N-DMBI high n-type thermoelectric 

performance is observed with a maximum electrical conductivity of 7.67 S cm-1 and PF of 10.4 μW m–1 K–2. 

Demonstrating a nuanced synthetic approach must be taken to optimize performance in each application. 

TOC Image within 8.25 cm × 4.45 cm size requirements: 

 

 

 

 


